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Abstract approve
Jose N. Re~Jr.  ' 
The purposes of this paper are to present the results of an experimental effort to 
measure  the  level  swell  in  an  air/water  system  and  to  generate  a  methodology  for 
determining  the  volume-averaged  void  fraction  within  the  Oregon  State  University 
(OSU)  Advanced  Plant  Experiment  (APEX)  Test  Facility.  The  results  were  then 
compared with existing void fraction correlations for assessment.  The air/water system 
consisted of a vertical, cylindrical, transparent test section having an  inner diameter of 
15.2 cm.  It  includes a lower plenum-mixing chamber with separate air and water inlets. 
The parameters measured included air flow rate, collapsed liquid level, level swell and 
local void fraction.  The collapsed liquid level was measured using a differential pressure 
cell.  The fluid mixture level was measured using a fixed scale for visual indication and a 
state-of-the-art  capacitance  probe,  the  Drexelbrook  Level  Transmitter™.  The  data 
obtained  using  the  advanced  instrumentation  showed  good  agreement  with  visual 
observations and the Kataoka and Ishii (Ref. (5)) pool boiling correlation for level swell. 
For the OSU APEX Test Facility, two Nuclear Regulatory Commission (NRC) sponsored 
tests  were  selected  for  assessment.  Void  fractions  were  measured  from  the 
Redacted for Privacyinstrumentation  data  and  compared  with  the  predicted  void  fractions  from  both  the 
Kataoka  and  Ishii  (Ref.  (5))  and  Chexal  and  Lellouche  (Ref.  (2))  correlations.  The 
comparisons were within the accuracy range and matched the experimental trends well. 
To benchmark the methodology process against higher-pressure data, a test series from 
the  Oak  Ridge  National  Laboratory (ORNL)  Thermal  Hydraulic  Test Facility  (THTF) 
was evaluated using the  same methodology.  Results were in  excellent agreement with 
their previously published data. ©Copyright by Christopher P. Ellis 
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ASSESSMENT OF LEVEL SWELL MEASUREMENTS IN THE OSU APEX TEST  
FACILITY 
I.  INTRODUCTION 
The two-phase fluid  mixture level in  n reactor vessel is one of  tile 1110st important 
parameters for the assessment of  rractor safety.  Accurately knowing this parameter leads 
to  a  better understanding of what  the  maxilllum  fuel  temperatures  arc  inside  the core, 
which can afTect  fuel  performance and core  lifetime.  This  two-phase mixture  level, for 
purposes of this paper.  is otherwise denoted as level swell. 
Under  normal  operating  conditions  within  a  conventional  Pressurized  Water 
Reactor  (PWR).  the  core  is  completely  covered  by  the  moderating  water.  Normal 
operating pressure  within the system also assures that there is no boiling induced in  the 
reactor vessel.  A schematic showing this case can be found in Figure  I (a). 
H 
(oj  (b) 
Figure 1.  Diagram oflevel swell 2 
The value of "Ho" is named the collapsed liquid level.  However, during a transient such 
as  a Small Break Loss of Coolant Accident (SBLOCA), the  system parameters change 
and pressure will  slowly decrease throughout the system. The depressurization rate can 
be severe enough to induce liquid "flashing" to vapor in the vessel.  However, the breaks 
studied here are considered small enough that vapor generation is dominated by the heat 
flux  introduced into the system.  Because a PWR is  initially at subcooled conditions, it 
can take a long time for the coolant to reach saturated conditions where boiling can occur. 
This case is greatly simplified and shown in Fig.  1  (b).  Here, boiling is occurring in the 
reactor vessel.  Level swell is represented by the difference between the two levels, the 
mixture level, H and the collapsed liquid level, Ho.  Notice that H is larger than Ho.  This 
is simply due to  the existence of a two-phase mixture (liquid and gas)  in the contained 
environment,  the  difference  being  due  to  the  added  volume  of the  vapor.  The  two 
parameters are related by the single equation 
Ho 
<a> =1-- (1.1 ) 
v  H 
where <a>y represents a volume-averaged void fraction.  As boil-off continues within the 
reactor vessel, the collapsed liquid level will decrease.  Under no circumstances should 
reactor safety personnel  allow the  mixture level  to  fall  below the top of the  core thus 
allowing  core  uncovering.  Doing  so  could  quite  possibly  lead  to  a  core  meltdown. 
Therefore it is essential that the techniques used to measure or calculate the two-phase 
fluid mixture level be accurate. 3 
The  Oregon  State  University  (OSU)  Advanced  Plant  Experiment  (APEX)  test 
facility has conducted several experiments for the U.S. Nuclear ReguialOry  Commission 
(NRC) since  its stanup in  January of 1995.  The APEX  test fac ility is a  y,.  height scale 
model  of the  Westinghouse  Advanced  Passive  600  MW  electric  (AP600)  PWR.  A 
schematic of the facility can be found in Figure 2. from  Ref. (12). 
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Figure 2.  Advanced Plant Experiment (APEX) 
During most of the 46 NRC tests, level swell  in  the reactor vessel was measured 
by  a single piece of instrumcnlalion  known as a capncilance level  probe.  Although  the 
manufacturer of the  probe assures high  quality and  perfonnance.  there  was  no data 10 4 
prove its accuracy under two-phase depressurization conditions.  This thesis is an attempt 
to assess a Drexelbrook™ Universal II  Series capacitance level probe and to develop an 
APEX rod bundle level swell database.  This will be accomplished by using level swell 
correlations and APEX NRC test data for comparisons. 
This thesis has the following objectives: 
• 	 Explain the phenomena of  level swell. 
• 	 Describe level swell correlations. 
• 	 Assess  the  performance of the Drexelbrook level probe in an air/water test 
facility and the APEX facility. 
• 	 Determine  the  local  and  volume-averaged  void  fractions  and  generate  a 
database for various APEX and Oak Ridge National Laboratory (ORNL) boil­
off  experiments. 
• 	 Compare and categorize level swell experimental data and correlations. 
This concludes the introduction section of  this thesis.  The next step is to gather a 
database of level swell models, which is the topic of  chapter 2.  From there, chapter 3 will 
explain capacitance probe technology - the  instrument used to  measure  level  swell  as 
described above.  Chapter 4 is a description of an air/water bench test:  The experiment 
was performed to assess the accuracy of  the capacitance probe under two-phase, constant 
pressure conditions.  Results of  the experiment will be presented at the end of  the chapter. 
Having validated the instrument under controlled conditions, void fractions for some of 
the  APEX test series will  be  calculated in  chapter 5.  Three methods for  finding  void 
fractions were utilized.  The first one used the straightforward evaluation of  Eq. (1.1), and 5 
was called the experimental void fraction.  For the last two, a couple of the correlations 
presented in chapter 2 were used and  called a predictive void fraction.  These numbers 
were  then  compared  for  assessment.  Chapter  6  will  summarize  the  findings  and 
conclusions of  this thesis, along with any future recommendations. 6 
2.  REVIEW OF LEVEL SWELL MODELS  
For this thesis, an extensive search for correlations in modeling level  swell and 
pool boiling has been conducted.  Studies on this particular type of two-phase flow have 
been made for the past few decades and have led to a variety of  different approaches and 
techniques for modeling purposes.  The most practical and accurate method used today is 
called the driftflux model. 
The drift flux model essentially takes into account the relative motion between the 
two  phases  using  a  constitutive  relation  (Ref.  (7».  In  the  one-dimensional  drift  flux 
model, the relative velocity Vr, is represented by 
(1- a)vr =(Co -1)j+«  VI{!  »  (2.1) 
where  Co, j, «Vgj», and a  are the distribution parameter; total volumetric flux;  void 
fraction,  weighted  area,  averaged  local  drift  velocity;  and  void  fraction  respectively. 
Each of  these terms in Eq. (2.1) has a physical meaning.  The first term on the right hand 
side  is  the  difference  between the  average  phase  velocities  due  to  void  and  velocity 
profiles.  The  second term on the right hand side is the average effect of the local  slip 
between the phases.  Summation of  these two represents a relative velocity of the fluid in 
the system.  The total volumetric flux and relative velocity are given by 
(2.2) 
and 
Vr =ug -uf  (2.3) 7 
where  the  subscripts g  and f  denote gas and  li quid  respectively. 
liquid velocities arc related to the volumetric nuxes by 
IIg =ig 1a 
The  average  gas and 
(2.4) 
and 
(2.5) 

After manipulating the above equal ions, the void  fraction can be written as 
(2.6) 

Calculating a distribution parameter  ~H1d a void  fract ion weighted area averaged 
local drift velocity typically depends upon the  system geometry and  now regime  being 
analyzed.  For a more detailed discussion of the drift-flux model. consult  Ref.  (3). 
A.  literature  search  led  to  the  list of correlations  presented  in  Table  2. 1.  Also 
presented in the table are ranges for the various test parameters over which the correlation 
is valid. 
Authors  Fluid  Geometry  Vcssell-lydraulic 
diameter (m) 
Pressure 
(MPa) 
Bailey  Air-water  Round Tube  0.153- 0.61  0. 101 
Boesrnans and 
Berglunans 
Air-water  Round Tube  0.08- 1.12  0. 10 1 
Chcxal and Lellouchc  Steam­
wnter 
Rod Bundle  <0.4572  Full  Range 
Kataoka and Ishii  Air-water  Round Tube  0.01  - 0.6  0.1 - 2.5 
Orth  Air-water  Reclan)..' ular  0.05 1  0.10 1 
Sudo  Air/water  Round Tube  0.022 - 0.096  0. 101 
Table 2.1  Level Swell Correlations 8 
An  important  distinction  must  be  made  between  the  correlations  before  movmg  on. 
"Round Tube" geometry refers to  a simple vertical pipe, with no  internals.  As  already 
mentioned, chapter 4 will assess the performance of the capacitance level probe in an air­
water test section.  The "Round Tube" geometry correlations will be applicable for these 
conditions.  "Rod Bundle"  geometry  correlations  on  the  other  hand  will  be  used  in 
chapter  5.  Several  rod  bundle  correlations  have  been  developed.  Two  of them  are 
covered in  Ref.  (4)  and  Ref.  (8).  However,  most of them were developed for  specific 
geometries, pressures, and temperatures.  The Chexal and Lellouche correlation of Table 
2.1  was presented in June of 1985 (Ref. (3».  As proved in their Electric Power Research 
Institute (EPRI) paper, its huge advantage is the range of pressures, flows, void fractions, 
initial conditions, and geometries (PWR and BWR fuel  assemblies) it  covers.  It even 
eliminates the need to  know  the  flow  regime such  as  slug or annular flow.  For these 
reasons,  this  will  be  the  only rod-bundle correlation considered when calculating void 
fractions of the APEX NRC tests. 
For the air/water bench test detailed in chapter 4, its vessel hydraulic diameter is 
0.15 m with a round tube geometry.  Looking at  Table 2.1, the  applicable correlations 
include Boesmans et al (Ref. (2»  and Kataoka et al (Ref. (7».  In chapter 5, a rod bundle 
correlation is  needed  for  calculating the  APEX NRC  tests.  Chexal et al (Ref.  (3»  is 
within the applicable range and will also be considered.  What follows is a description of 
these three correlations in full detail. 9 
2.1  Kataoka and Ishii Correlation 
The  Kataoka  and  Ishii  (Ref.  (7))  pool  boiling  void  fraction  correlation  was 
developed from the drift flux model.  Their final equation took the following form: 
< j  > 
<a> =  g  (2.7) 
v  Co  < jR  >+«Vgj» 
where < j g > is the superficial gas velocity.  For a round tube, the distribution parameter 
Co is defined as: 
(2.8) 

where  Pg and  PI is the density of the gas and fluid, respectively.  This equation for the 
distribution parameter is  applicable for  any type  of flow  regime.  The  void-weighted, 
area-averaged, drift velocity «< Vgj »)  in equation 2.1, is obtained from the following 
relation: 
1/4 
«Vgj »=V/  a~:p  (2.9) 
(  ) 
Again, the exact nature of the flow regime isn't needed for calculation.  In  this equation 
the dimensionless velocity, Vgj+ , is defined as: 
v +  =0 92(P  /  )-{1.l57  for  DH*  ~  30  (2.10) 8J  •  g  PI 
The dimensionless hydraulic diameter,  D  H * , is defined as follows: 
D 
(2.1l) 10 
The correlation is said to have a ±20% accuracy.  This should be taken into consideration 
when comparing the correlation to experimental data. 
2.2 Boesmans and Berghmans Correlation 
The Boesmans  and  Berghmans  (Ref.  (2)),  void  fraction  correlation  for  a  pool 
boiling system is given by 
(2.12) 

Equation (2.12) is  valid only when  D  H * > 30 and  D / H  ~  0.2  to ensure that the 
correlation is  excluded from  slug  flow  and  short tubes.  The experimental  values  are 
within both of these ranges.  The distribution parameter,  Co' and velocity coefficient,  C" 
depend  upon  the  flow  patterns.  Since  the  assessment  test  covered  in  chapter  4 
experienced churn-turbulent flow,  the correct parameters had to be used.  The following 
equations were used for churn-turbulent flow (Ref. (2)): 
(2.13) 

(2.14) 

The liquid circulation factor in Eq.  (2.12), (FcJ, is typically treated as  a constant 
value of two (2).  The Froude number (Fr) is derived from the drift flux model and takes 
the following form: 
2  )114
Fr=<j  > ~  (2.15) 
g  (agl1p 11 
2.3 Chexal and Lellouche 
This correlation was developed using rod bundle data, and has several advantages 
due to its wide range of applicability.  Chexal and Lellouche divided their Electric Power 
Research Institute (EPRI) report (Ref.  (3)) into 7 types of data to show its validity with 
real  reactor test data.  The drift-flux form  presented in this  paper for calculating void 
fraction is given by 
(2.16) 

This is  the volume-averaged version of Eq.  2.6.  The concentration parameter,  Co,  and 
drift velocity,  Vgj,  depend upon  a variety of variables.  Detailed summaries of each of 
these terms are summed up in Table 2.2 (Ref. (3)). 12 
Parameter  Equation  Parameter  Equation 
Co  L(a, p) /[Ko+ (1- Ko)a'  ]  V~  [ r 
1 41  i1Pogg  ,  (l - a)K,CC C •  2  2  3  4 
Pr 
L(a.p) 
C, 
Ko 
6, 
A, 
I- exp(-C,a) 
I- exp(-C, ) 
, 
4P·c riP(Pt r i'~P) 
B, +(I - B,)(p,lpr )'" 
Min(0.8,A,) 
III I  +exp(-Re/60000)] 
K, 
C, 
C, 
C, 
C, 
6 , if Re,"  0.0 
0.5  if Re,<O .O 
I if C,,, I 
I  if  C,<  1 
I -exp(-C,  ) 
J I50(p, I Pf ) 
C,/(I-C,) 
If Ref" 0.0, then Max[O.5, 2exp{ -
Re,l60000}1 
If Re,<O.O, 
Min 
[ 1O'2exr { - Ref  (~f'r] 140000  D. 
Re 
Re 
Ref 
Reg if RC g> Reror 
Re,<O.O 
Ref if  R eg~ R ef 
WI D" 
P j A 
D,(ft) 
C, 
C, 
0.125 
(Nonnalizing diameter) 
I ifC  ,,, I 
I  if C,<1 
I -exp(-C,  ) 
(~J 
Reg 
R 
JV/<: Dh  --
,u j! A 
(1+ 1.57p, I Pf )/(I - 8,) 
C, 
D,(ft) 
C, 
--
I -C, 
0.3 
(Nonnalizing diameter) 
Table 2.2 EPRI Drift·flux correlation parameters 
This correlalion has an uncertainty of  ± 10%.  Upon examination of the entire corrcJation, 
nO lice that the (enns for void  fraction, Q. happen to be on bolh sides of  the equation.  This 
would  therefore make  the  problem an implicit equalion.  Solving for the  void  fraction 13 
will be covered and dealt with in chapter 5.  This concludes the introduction of the void 
fraction correlations used herein. 14 
3.  CAPACITANCE PROBE TECHNOLOGY 

Measuring a liquid, granular, or sludge level within a contained vessel (other than 
with simple rulers and meters) has been an ongoing science for over 75 years.  Depending 
on the  application,  type  of substance  being measured,  and  even the  container system, 
there exists a wide variety of  technologies which can be applied.  The most popular types 
of level measurement systems being used today are Radio Frequency (RF) admittance, 
differential pressure (dip) cells, and ultrasonic technology.  These different methods are 
all termed inferential technologies, meaning they measure some other parameter to infer 
level.  The  capacitance  probe  used  for  data  collection of this  thesis  is  based  on  RF 
admittance technology, and will be the only type described.  Its versatility and reduced 
complexity gives several advantages over the previously mentioned methods. 
Greatly simplified, RF admittance technology starts with a metal rod covered with 
insulation.  Its  position  within  a  vessel  is  shown  in  Figure  3.1.  The  metal  rod,  in 
conjunction with the  metal  vessel  wall,  acts as  a capacitor.  As  level  increases  in the 
vessel, capacitance between the wall and the metal rod increases proportionally.  This can 
be explained by the following simple equation: 
C=c:A/d  (3.1) 
Where E  is  the permittivity (or dielectric constant) of the medium, A is the vessel area, 
and d is the distance between the metal rod and the vessel (capacitance plates). 15 
Vessel  Wall 
Liquid 
Melal Rod 
Figure 3.1 RlF Diagram 
The output of the level  probe is calibrated 1 0  a 4-20 mA signal.  A 4 mA signal  would 
represent 0%  full.  while  20  mA  corresponds  to  100%  full.  Tenon coaling around  the 
metal rod (or sensor) provides insulation for the device. 
As  previously  mentioned.  RF  technology  is  versatile  III  its  applications.  What 
follows is a list of ils advantages over other methods: 
• 	 Its  level  measurement  can  be  made  independent  of  any  changes  in  density, 
chemicn! composition, and electrical properties of the material being measured. 
• 	 Unlike  dip  cells.  RF  technology  can  also  measure  grnnular  and  liquid-liquid 
interfaces. 
• 	 Only  the  insulator  rather  than  electronics  limit  maXIIlUl1ll  temperatures. 
Measurements of  up to IOOO°F instead ofonly 200°F can be taken. 
• 	 The level transmitter can provide both point and continuous monitoring. 16 
Although not every advantage listed will be applicable to  the data collecting of 
this thesis,  they help provide an insight as  to  how useful the technology can be.  This 
technology will  now be  assessed in  an  air-water test  facility,  as  described in the  next 
chapter. 17 
4.  AIRIW  ATER BENCH TESTS  
Originally installed within the APEX reactor vessel, the Drexelbrook™ 408-8200 
series  level  probe  was  temporarily moved  to  a separate test  rig  for  assessment.  This 
chapter will  cover a full  description of the test facility,  instrumentation used, methods 
applied, results, and the conclusions of  the benchmark tests. 
4.1  Test Facility Description 
The test rig consists of a clear 15.2 cm (6 in.) inside diameter polyvinylchloride 
(PVC) pipe  1.83  m (6 ft) in length and  allows visual verification of fluid  mixture level 
swell.  A steel plate flange at the top ofthe pipe supports the weight of  the probe.  Rubber 
gaskets and a metal airflow plate separate the two flanges  at the bottom of the  facility. 
The plate consists of 4 holes each  1.9 cm (0.75  in.) in diameter and allows for water to 
pass into the system from below.  A wire meshing was installed underneath the plate to 
further reduce the inlet bubble size.  The maximum airflow capability into the system was 
14.2 Lis (30 ft
3/m), although measurements that high were not taken.  The pipe cap is the 
mixing section,  and  is  filled  with air and  water.  A copper wire  was connected to  the 
ground terminal of  the probe's electric housing unit.  The wire was then placed inside the 
test section, contacting the PVC piping.  This procedure is necessary for establishing an 
earth  ground  and  to  provide  an  additional  Radio  Frequency  Interference  filtering,  as 
outlined in Ref. (5).  A scale along the side of  the facility provided visual recording.  Test 18 
data was taken at atmospheric pressure.  A schematic representation of  the test facility is 
given in Figure 4.1.  A picture ofthe full experiment is also given in Figure 4.2. 
Cu  ground  Wire  Probe 
Stainless  Plate 
----/ 
,..----Level 
DP 
6' SCH40 
Clear  f'IA:: 
Pipe  ---.r~ 
-~ ToDAS 
74" 
Swagelok  ~1'+-+-1--""'- Conductivity Probe 
Valve 
-cr+---- PVC  Tee 
WV-2 
_  Water  Valves 
WV-l 
Figure 4.1 Test Facility 19 
Figure 4.2 Test Facility picture 20 
4.2 Experimental Methods 
Two test series were  run. The parameters varied were the initial collapsed liquid 
level and the airflow rate. A complete listing of the data series is given in Table 4.1.  Two 
initial  collapsed  water level heights  were  implemented - 48.26 em  and  86.36 em.  The 
selections of these two levels were  purely arbitrary, as well  as the  air  flow rates which 
ranged  from  1.57  rn3/s to 5. 11 m3/s.  The collapsed  liquid levels were measured lIsing a 
dIp cel l and visually using an external  scale.  Each test lasted  1 minute while data was 
being recorded. 
Series  Collapsed Liquid  Superficial Gas Ve locities, j ~  Air Flow Rates 
Level, Ho (em)  (m/s)  (m3/s) 
1  48.26  0.088  1.57 
0.11  1.97 
0.13 1  2.36 
0. 153  2.75 
0. 175  3.15 
0.197  3.54 
0.2 19  3.93 
0.241  4.33 
0.263  4.72 
0.285  5. 11 
2  86.36  Sa me as above  Same as above 
T:lblc 4.1 Test Series and Matrix 
Mixture  level swell  was  measured  with  the  capacitance probe and  the  extemal 
scale.  At high airnow rates. the top mixture level was difficult to determine visually due 
to large oscillations. some having amplitudes or lip to 9 inches.  Figure 4.3 represents this 
averaged method in which level swell  was measured on the extemal scale. 21 
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}i-'igure 4.3 Visual Method 
An estimation of the measured void fractions,  using Eq.  (1.1),  along  with void 
fraction from the two round tube correlations discussed in chapter 2, were then plotted as 
a function of the superficial gas  velocity for each test series.  Details of the official test 
procedure can be found in Ref. (5). 
4.3 Instrumentation 
A full description of the capacitance probe can be found in chapter 3 of this thesis. 
For this benchmark test, the device was used to measure level swell for all tests shown in 
Table 4.1. 4.3. 1 Data Acquisition System 
To  monitor and store expc.:rimcntJI d~H a from  both  the capacitance probe and the 
dip cell ,  11  Data Acquisition System ([)!\SJ  \V,~.~  in :-;;:i!led.  The instrument that  provided 
this  function  was  a  FlllkeH 1  data  Pllcket  Ih'lt  h:.,d  heen  cnlibrnted  according  to  OSU 
Maintenance  Manual  Ref.  (5).  The  instrument  lOok  data from  two  separate  channels ­
channel I corresponded to the cUp transmitter, and channel 2 to the capacitance probe.  A 
2  MB card, specifically designed for the data bucket.  recorded data from  both  channels 
every  second.  Therefore,  each  I  minute  test  run  had  60  data  points.  Figure 4.4  is  a 
picture of this device.  A Westcon™ digital panel  l11(:tt!r provided a secondary method for 
local online viewing of measurements from the dip cell and level probe. 
Figure 4.4 Fluken1 data bucket 23 
4.3.2 Conductivity Probe 
In  a separate experiment also using the test rig, a conductivity probe was installed 
to measure a local void fraction.  Because data results from this instrumentation is plotted 
along with capacitance probe data, a brief explanation of its technology will be given in 
order to fully interpret its difference. 
A single-sensor conductivity probe was utilized to  obtain the time-averaged void 
fraction  at  the  tip  of  the  probe.  Because  the  conductivity  of  air  is  less  than  the 
conductivity of water, the conductivity probe is designed so that the tip of the probe is  at 
a different potential than the conductive two-phase mixture, expressed in Ref. (9).  When 
a bubble penetrates the tip of a probe, a rise in the impedance is detected for the duration 
of time that the bubble takes to pass through the sensor tip.  By obtaining the impedance 
signal from  this  tip,  the local time-averaged void fraction  can be obtained.  The probe 
design is shown below in Figure 4.5. 
8" 
Figure 4.5 Conductivity probe 24 
HD was used for the data acquisition computer.  Windows 95  (version 4.00.950B) was 
used as  the operating system to  run LabVIEW version 5.0.1.  A simple algorithm was 
used to determine the appropriate phase from the impedance signal.  The time fraction of 
the gas phase was then calculated by the equation below: 
-I  L  /j.tki  a  ::==--- (3.1)
T 
where T is the total time measured, and  ~tki is the time occupied by the gas phase at one 
spatial location.  Symmetry was assumed for the test section.  Therefore, the probe was 
positioned  at  radial  locations  corresponding  to  rlR = 0,  0.167,  0.333,  0.5,  0.667,  and 
0.833.  The local time-averaged void fractions obtained at the radial positions above were 
then area-averaged: 
-A  LAid  1 fal 
a::  =- a  dA  (3.2)
A  A 
This yielded the area-averaged, time-averaged void fraction at an axial location. 
Details of the procedure used in collecting this data can be found in the test procedure of 
Ref. (10).  Data was collected at two axial locations in the test section: one at a collapsed 
liquid level of 48.26 cm, and another at a  collapsed liquid level of 86.36 cm.  These 
locations corresponded to the data obtained from the capacitance probe. 
Comparisons of the pool boiling correlations and the  data compiled by the capacitance 
probe, the conductivity probe, and the visual level swell observations are presented in the 
following section. 
Another  piece  of instrumentation  already  mentioned  is  a  Rosemount™  dip 
transmitter.  The bottom pressure tap for the transmitter was placed just above the inlet to 
the test section to measure the collapsed liquid level during operations (Ho). 25 
4.4 Results 
The measured level  swell from  the capacitance probe was then compared to the 
level swell determined visually for the two initial collapsed water levels.  These plots are 
shown below in Fig. 4.6 and Fig. 4.7. 
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Figure 4.7 Plot of  level swell at 86.36cm collapsed water level. 
The level swell measurements above were then used to calculate volume-averaged 
void fractions.  Void fraction as a function of the  superficial gas velocity is plotted in 
Figures 4.8 and 4.9 for the various instruments and correlations. 
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Figure 4.8 Plot of  void fractions at 48.26cm collapsed water level. 27 
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Figure 4.9 Plot of  void fractions at 86.36cm collapsed water level. 
As  shown in the  last two plots, the  capacitance probe measurements, the  visual 
measurements, and Kataoka and Ishii's correlation agree quite well.  They all follow the 
same  basic trend.  The  conductivity probe measurements as  well  as  the  correlation by 
Boesmans and Berghmans are  slightly lower though.  Note that the conductivity probe 
measured  an  area-averaged  void  fraction  at  a  fixed  level,  which  can't  be  directly 
compared to a volume-averaged void fraction such as that measured by the capacitance 
probe.  Both  correlations  appear to  level  off as  jg  increases,  whereas  the  capacitance 
probe  and  visual  measurements  remain  linear.  The  conductivity probe  measurements 
seem to decrease at a value ofjg of 0.2 m1sec and then increase again around 0.28 m1sec. 
A radial profile of the void fraction as obtained with the conductivity probe is shown in 
Figure 4.10 for a spectrum of superficial gas  velocities.  As jg increases, the local void 
fraction in the center of the test section increases more than near the test section wall, as 
expected. 28 
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4.5 Conclusions 
Compared  to  the  visual void  fraction  measurements within the test facility,  void 
fraClion  can be accurately  modeled by  the Kalaob el  (1/  correlation within a maximum 
error o f 9%.  This is in excellent agreement considering that the correlation itself has an 
accurac y of ± 20%.  The Boesmans el al correlation underestimates void fraction, which 
is  expected  as  outlined  in  Ref.  (2).  The  Drexclbrook  capacitance  probe  slightly 
overestimates the  level swell when compared with visual data.  The difTerence was most 
likely due to the difficulty in accurately measuring visual  level swell. which explains the 29 
higher deviations from  capacitance probe data at high superficial gas  velocities.  Now 
that the capacitance probe is assessed, it should be reliable during APEX testing. 30 
5.  APEX NRC TESTS  
From January 1995 to February 1998, a total of 46 tests were completed using the 
APEX test facility, sponsored by the U.S. Nuclear Regulatory Commission (NRC).  The 
purpose of  these tests were as follows: 
• 	 Obtain  experimental  data  for  the  benchmarking  of AP600  thermal  hydraulic 
computer codes 
• 	 Assess  the  performance  of AP600  passive  safety  systems  for  various  accident 
scenanos 
•  Confirm and evaluate the original Westinghouse AP600 test series. 
A detailed description of the test series and conclusions can be found in Ref. (12).  Only a 
limited  number  of APEX  NRC  tests  were  performed  at  near  steady-state  boil-off 
conditions. 
g 	 Test Conditions 
A  search  for  steady  state  tests  at  a  constant  high  pressure  was  conducted. 
Unfortunately, out of  all 46 NRC sponsored APEX tests, there wasn't a time period under 
any test which exactly matched the requirements.  The only steady-state data available 
had a mixture level right at the top of  the hot leg height.  This implied that during the test, 
boiling water was exiting the system, thus limiting the mixture height and making it an 
unacceptable form  of data.  It was finally decided to use the core-uncovering test series 
(NRC-25).  During these tests, the core collapsed liquid level was being reduced at a slow 31 
rate.  It will be assumed that the rate is slow enough 1 0  be classified as steady-state dala. 
The other reason for this choice lies in  the pressure ranges of the tests.  A single test can 
produce a wide range of pressure related data.  The following test series in Table 5. 1 were 
analyzed.  and are  the subjects  for  this chapter.  Only 2  lesls were chosen because  the 
entire  NRC25 series  either started at 200 or  100  psia.  therefore additional  lests  would 
only be repetitive.  Included in  the second column is the lime interval  for which the test 
was analyzed. 
APEX NRC Test #  Evaluated Time Interval (seconds) 
NRC602;  43; - 744 
NRC612;  19;-491 
Table 5.1  APEX NRC test summaries 
The  major challenge here.  for  utilizing the  correlations and  calculating a  void  fraction, 
lies  in the exisling data for the test series.  The APEX  test facility already has several 
Iypes of instrumentation incorporated into the design in order to  assess the safety of the 
entire system.  However. the placement of instruments arc not  ideal for measuring void 
fractions.  Ideally there would  be a series of differential pressure (dip) cells aligned with 
the heated core region  for detennining void  fractions.  This is covered in more detail  in 
Ref. (8).  Essentially. in  low now conditions. the hydrostatic head of the mixture mainly 
governs the axial pressure distribution.  One can lise this relationship to directly solve for 
a void  fraction.  Unfortunately. dip cells are difficult  to tap  into  the APEX  core  barrel. 
and there are  nol enough for a useful analysis.  Therefore. a separate method had to be 
devised from scratch. utilizing only the pre-existing instrumentation data. 32 
5.2  Methodology 
A methodology for calculating void fraction directly from the AP600 test series data 
was determined.  The most direct method came from the first equation presented in this 
paper, Eq. (1.1).  Mixture and collapsed liquid level directly refers to the instrumentation 
data of LT-120 and  LDP-127, respectively.  Both are  calibrated to  read  0.0 inches of 
water at the bottom of  the lower plenum.  Therefore, to calculate a volume averaged void 
fraction from these two devices, Eq. (1.1) becomes 
< a > =1  _ LDP -127  (5.1 ) 
v  LT -120 
Before  usmg  this  data,  the  differential  pressure  measurement  (LDP-127)  had  to  be 
compensated for density.  Initially when the instrument was calibrated, it was done so at 
room temperature in subcooled water.  The density of the subcooled water under those 
conditions is 997.9 kg/m
3
.  However during the APEX NRC tests, water is heated in the 
reactor vessel, often leading to saturation conditions.  This obviously changes the liquid 
density.  Therefore, an average core liquid density was used to compensate the LDP-127 
measurements for NRC6025 and NRC6325. 
Thermocouples are located at various axial positions along the reactor vessel to 
measure the temperature of the fluid  at  those positions.  These instruments are  named 
TR-OOI,  followed  by  a  number to  identify  its  axial  location.  A  total  of 8  of these 
thermocouples were used to determine the density of the fluid along the points.  At first, 
the  saturated  pressure  was  found  using  Excel's  steam  tables  from  the  thermocouple 33 
readings.  This pressure was subtracted from  the  vessel  overall pressure reading from 
instrument PT  -107.  Depending whether this value was positive or negative, the density 
was found  using the  steam tables for either subcooled or saturated liquid, respectively. 
This  was  repeated  for  all  8  thermocouple  readings.  Finally,  an  average  of these 
temperatures was taken to represent a core average  liquid density.  Using the average 
liquid  density,  the  compensated  LDP-127  level  was  determined  from  the  following 
equation: 
LDPcompensated  =  LDPuncompensated( Pre! J  (S.2) 
Pavg 
This  resulted  in  an  increased  value,  since  the  denominator  decreased  with  additional 
heating.  Equation S.l was used to calculate a void fraction. 
One change to Eq.  (S.1) must be noted.  Since the correlations used later in this 
chapter only work with two-phase flow, the overall goal is to  find the volume-averaged 
void fraction of  the boiling mixture.  Because the liquid in the lower plenum is not being 
heated,  and  the  system depressurization  is  quite  slow,  this  region  does  not contribute 
vapor to the mixture level.  This effect was taken into account by subtracting the lower 
plenum length from the LDP-127 and LT-120 measurements.  The APEX lower plenum 
length is 33.3S cm (13.13 in.).  Making this adjustment, Eq. (S.l) becomes 
<a> =1_(LDP-127)-13.13  (S.3) 
v  (LT -120) -13.13 
This method of finding the void fraction of the tests will be otherwise known as 
an experimental void fraction from here on.  The next step was to utilize the correlations 
presented  in  chapter 2  for  a  comparison.  Results  from  this  method  will  be  called  a 
predicted void fraction. 34 
Two  of  the  predictive  correlations  presented  in  chapter  2  were  used  for 
comparison with experimental data: Kataoka et al (Ref. (7)) and Chexal et al (Ref. (3)). 
The APEX reactor vessel  has a hydraulic diameter of 0.484  m.  Upon examination of 
Table 2.1, this lies within the range for the Kataoka correlation, and just slightly above 
the Chexal correlation by about 31100 of a meter.  Since the data presented in Ref. (3) is 
very promising for large diameter tubes, this will still  be used.  Another reason for its 
application is that the results can be compared to rod bundle data, which can be helpful 
when compared to  other reactor vessels.  Although Kataoka et al was developed from 
round tube data it will still be applied to our problem of interest.  Since both terms need a 
vapor volumetric flux, jg, this will be the first term examined. 
The equation for  vapor volumetric flux  at the exit of the  boiling region can be 
written as 
(5.4) 
In the above equation,  q Sal is  that portion of the total core power that is  deposited into 
fluid at saturated conditions.  A is the cross sectional flow area inside the reactor vessel, 
and  hfg  is the latent heat of vaporization.  The total core power,  q1'olal' is read off of the 
sum of 2 power groups,  namely KW -103  and KW -104.  This total core power can be 
broken down into the following terms: 
q  1'0101  =  q Sal  + q Suh  +  q  Heatl>oss  (5.5) 
where  qsuh is that portion of the total core power that is  deposited into subcooled fluid, 
and  q  HealiJ)ss  is  the  amount of core  power being  rejected  by  the  vessel  surface  to  the 
ambient atmosphere by natural convection.  This number is  typically negligible for the 35 
APEX vessel.  The tests evaluated. as listed in Table 5. 1, describe core-uncovering events 
for the  lime  interval given.  There  is  no  injection  flow  into  the  core from  the  IRWST 
during this lime period, therefore all  of  the  fl uid  was at saturated conditions for the tests. 
Therefore q,UI  is just equal to (iT,,"')  and the vapor volumetric fl ux at the core exit is easily 
dClennined from  Eq. (5.4). 
The  APEX heated  power profile, much  like operating  reactors,  docs not  have a 
linear pro file.  Instead. a curved power pro file exists.  A nomlalized power profile of the 
APEX is shown  in  Figure 5.1. 
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Figure 5.1  Nomlalizcd APEX  power profile 
The APEX  heated  core  length  is  91.44  elll  (36  in.)  and  divided  into  separate 
power regions.  The bottom of this heated  length is located 0.334 III (13.13 in.)  from the 
bottom  of  the  reactor  vessel.  For  the  NRC-25  core-uncovering  events  evaluated,  the 
transition  into  boiling  occurs  from  the  start  of the  heated  core  length.  Thus,  the 36 
subcooled term in Eq. (5.5) is zero.  The next step is to calculate the APEX saturated core 
power as a function ofheated core length. 
From Ref. (13), Eq. (5.5) represents the APEX axial power profile as a function of 
the heated core length, z. 
(5.6) 
From the same reference, the average power is the following:  q ~ve =4 core / Ie'  As already 
mentioned, the APEX the heated length,  Ie' is 91.44 cm.  The total saturated core power 
can be written as an integral ofEq. 5.6 with defined limits as follows: 
4(z)wI = fq' (z)dz .  (5.7) 
o 
The  upper  limit,  z,  is  the  position  along  the  heated  core  length  being  evaluated. 
Substituting Eq. (5.6), the equation to solve is 
II3 
·(z).  =3.11 4core·  !.- 1-!.- dz.  (5.8) q  I  I  I .101  R J(  J c  0  c  e 
z
To help solve Eq. (5.8), let u =1--. Therefore, 
Ie 
du 
-=-- (5.9) 
This reduces Eq. (5.7) to 
I 4wI  =3.11 4;ore f(l- U)U  /
3 (-/Jdu  (5.10) 
c  0 
which can be written as 
. 
.()  - -3 11 .  f(  1J3  _  4/3)d q  Z  sal  - •  qcore  U  U  U  (5.11) 
o 37 
.  .  Zr(3  4/3  3  7/3)
q(Z)wt  = -3.11qcore !~4U  -7U  •  (5.12) 
Expand the substitution and solve the integral to obtain: 
4/3  (  )7/3]
q '(Z) ,  = -3.11q·  .  l  1-~  _l 1-~  (5.13) lot  core  4  I ) 7  I ~ (
o  c  c 
q '(Z) ,  =-3.11q·,  [{l(1_~)4/3  _l(1_~)7/3}_l+l]  (5.14) ,lot  core  4  I  7  I  4  7 
c  c 
q '(Z) ,  =3.11q·  3[_~(1_~)4/3  +~(1_~)7/3  +~].  (5.15) 
,10/  core  4  I  7  I  28 
c  c 
Saturated core power could then be  solved for  along any  given position in the  heated 
length.  From Eq.  (5.4), the vapor volumetric flux,  ) g' can also be found  for  the given 
position as follows 
.  (  ) _  q(z),lot Jg  Z  - .  (5.16) 
PgAh(g 
There  is  enough  information now to  calculate  a void  fraction  as  a  function  of 
heated length position in the APEX using the drift-flux model.  Utilizing Eq.  (2.6), the 
void fraction as a function of  z becomes 
1
a(z)=----- (5.17)
«V» 
C  +  [!J 
o  }g (z) 
Eq. (5.17) can be expanded to the following: 38 
-I 
(5.18) a(z) = Co +  [  «< Vgj  >J~/~RAh(/R  J7/3  ] 
3(3.11)q·  -!  1-~  +! 1-~  +2 
core  4  I  7  I  28 
c  c 
Let  TI = «Vgj »  PRAhl!; 
3(3.11)qcore 
-I 
(5.19) 
Eq. (5.19) is the final form of  the APEX local void fraction along the heated length.  Note 
that  the  experimental  void  fraction  calculated  in  Eq.  (5.1)  is  a  volume-averaged void 
fraction.  Therefore, Eq.  (5.19) needs to  be written in this form before a comparison can 
be made.  There are 2 methods of calculating a volume-averaged void fraction from Eq. 
(5.19) -	 numerically and analytically. 
The equation for a volume-averaged void fraction is the following: 
< a  >\'= _1_ fadV	  (5.20) 
Vm 
m 
The term  Vm  is  the  volume of the boiling mixture, which is  simply the  product of the 
length of  the mixture and the area of  the heated length region. 
(5.21) 

The area terms cancel out, and Eq. (5.21) becomes 39 
(5.22) 

Here, the upper limit is the height of  the boiling mixture along the heated length. 
For a numerical solution, the void fraction from  Eq.  (5.19) was found  along the 
heated length every inch, for a total of 36 local void fractions.  As seen in Eq. (5.22), the 
volume-averaged void fraction can simply be  found  by  taking the  total  area under the 
numerical  profile  from  Eq.  (5.19)  and  dividing  by  the  total  mixture  length.  This 
procedure was performed for both tests listed in Table 5.1. 
To  find  the  analytical solution to  the volume-averaged void fraction,  Eq.  (5.19) 
was substituted into Eq. (5.22) to obtain the following integral: 
-) 
dz  (5.23) <a> =-
r  Ln!  0 
A  symbolic  evaluation  was  performed  on  Eq.  (5.23)  using  Mathcad  verSIOn  6.0. 
Unfortunately, the program couldn't solve the equation analytically, or even simplify it. 
Therefore, the only volume-averaged void fraction method available to the APEX facility 
was the  numerical  solution of Eq.  (5.22).  This solution yielded a prediction from  the 
Kataoka et al correlation. 
One  final  correction needs  to  be  made  for  the  Kataoka  et al prediction.  The 
published  correlation states  that  for  hydraulic  diameters  over  10  cm,  a  more  accurate 
method of determining the distribution parameter is needed.  As outlined in Ref. (7), this 
is  accomplished  by  changing  the  term  until  the  void  fraction  distribution  matches 
experimental data.  Since APEX has a hydraulic diameter much greater than 10 cm (but 40 
still within the applicable range of  the correlation) this method was utilized.  Excel's goal 
seek function  was used  to  match the  experimental values  by  changing the  distribution 
parameter for every inch along the APEX heated length. 
To  solve  the  remaining  Chexal  et al correlation,  an  additional  step  had  to  be 
completed.  Note  that  at  the  end of chapter 2,  it  was  found  that the  Chexal  equation 
presented  was  implicit.  For  a  solution  to  this  problem,  it  was  chosen  to  take  the 
denominator  of Eq.  (2.16)  and  multiply  it  on  both  sides.  This  isolated  the  vapor 
volumetric flux,  j g' on the  right hand  side.  Knowing  already what this value  is  as  a 
function  of the heated  length,  the  only unknown factor  for  this  correlation is  the  void 
fraction along the heated length.  The complexity of the equation did  not allow for the 
void fraction to be solved for directly.  Instead, Excel's goal seek function was used for 
every inch along the heated length.  The void fractions were then used with Eq.  (5.22). 
This was the  final step needed for calculation of a volume-averaged void fraction using 
both correlations.  Now, the data can at last be compared and placed in a database. 
Table  5.2  below  is  a brief summary of the  conditions  during  the  tests  for  the 
corresponding time intervals listed in Table 5.1. 41 
NRC Test #  System Pressure 
Range, 
PT-I07 (psia) 
Mi xture level 
Range,  LT-1 20 
(m) 
Compensated 
Collapsed liquid 
level Range. 
LDP-127 im\ 
Total Core 
Power Range, 
KW-I03 + KW­
104 (kW) 
NRC6025  30.426 - 39.042  1.072 ­ 1.2 19  0.957 ­ 1.065  125.299 ­ 131.1 
NRC6325  29.88 - 52.98  1. 0499 ­ 1.232  0.9 16 ­ 1.047  82.13 1 - 85.033 
T~\ble 5.2 Test conditions. 
Table  5.3  summarizes  the  volume-averaged  void  fractions for  each  method  discussed. 
Values  were  fairly  constant  during  the  test  period,  so  the  result  shown  is  averaged 
throughout  the time period.  Axial void  fraction  plots  for  each test and  both  prediction 
methods are  included in  Figures 5.2 and 5.3.  To show the  importance of changing the 
distri bution parameter in the Kataoka  el  al correlation as previollsly described.  the axial 
void  fraction  from  the  unaltered  parameter will  also  be  plotted,  and  denoted  as  "old 
Kataoka el ar.  Volume-averaged  plots  for all  methods are included  in  Figures 5.4  and 
5.5  for each test.  The uncertainties found in Table 5.3 for the two correlations are based 
on their published accuracies.  For Kataoka el aI, the model has a ±20% accuracy,  while 
Chexal  el  al has a ± IO% accuracy (Ref.  (7)  and  Ref.  (3)).  To determine an  uncertainty 
for the experimental void fraction, the Cline  McClintock Method was used.  This lead to 
the following equation for void fraction uncertainty: 
The uncertainty for both the LDP and LT (UW1'  and  Uu  ' respectively) was taken from 
the official calibration sheets.  The  other parameters were  calculated  directly  from  the 
APEX raw data.  As shown in  Table 5.3. the void  fraction  uncertainties turned oul very 
small.  This can be explained due to the small  changes in void fraction data compared to 42 
the  large  changes  in  the  instrumentation data.  The  low  ratio  values brought  down  all 
uncertainties.  A better representation  would be  possible if  a larger range of void  fraction 
data occurred. but unfortunately, this isn't the case. 
NRC Test #  Experimental  Kataoka et. AI  Chexal et. Al 
Void Fraction  Void Fraction  Void Fraction 
NRC6025  0.1698 ±o.o I6  0. 1701  ±0.034  0.1098 +0.01 
NRC6325  0.1  134 +0.0 16  0.1137 ±0.022  0.0738 ±0.007 
Table 5.3 APEX NRC Computational Results 
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Figure 5.3 NRC6325 ax ial void  fraction distribution 
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Figure 5.5 NRC6325 Results 
The  companson  between  the  predicted  void  fractions  and  experimental  void 
fract ion  data  match  very  well.  As  expected.  Kataoka  is  practically  identical  10  the 
experimental  data  since  the  distribution  parameter  was  changed  until  they  matched. 
Knowing  this.  the  "New  Kat<lOka  &  I."  axial  void  distribution  should  be  the  most 
accurate model within the APEX.  Chexalunderestimatcd volume-averaged void  frac tion 
compared to experimental data  by no  more than 5%. taking  into account all  errors.  As 
previously stated. the data sets used don"t represent  steady~ s late phenomena, which could 
be the cause of  this additional error.  In order 10 show that the methodology developed lor 
gathering  the correlation  data can  be  used  for  nomlal operating  pressures  under more 
ideal conditions, the process was benchmarked using higher~ press ure data.  The data used 
for this part came  from the Oak Ridge  National  Laboratory (ORNL) Th c rllla l~I- l ydraulic 
Test Facility (THTF) (Ref.  (6)). 45 
5.3 ORNL Test Data 
The  THTF,  like  the  APEX  Test  Facility,  is  a  nonnuclear  separate-effects  test 
facility designed for providing experimental data.  The THTF was operational from June 
1979 to February 1981.  A fuel rod simulator (FRS) bundle (Bundle 3) electrically heats 
the test section over a length of 3.66 m (12 ft) in an 8 x 8 fuel rod array (Ref. (6)).  Four 
of the 64 power rods are left without power to simulate control rods for the reactor core. 
A full  description of the  THTF components, piping and  instrumentation diagrams, and 
primary tests ran can be found in Ref. (6). 
A search on the existing tests was conducted for steady state, high pressure, and 
small-break  LOCA  conditions.  Luckily,  this  was  tested  in  test  series  3.09.lOI-M.  A 
summary of  the pertinent ORNL test data is given in Table 5.4 (Ref. (6) and Ref. (1)). 
Test 
System 
Pressure 
(psia) 
Linear 
power/rod 
(kW/m) 
Mixture 
level 
(m) 
Collapsed 
liquid level 
(m) 
Beginning 
of  boiling 
length (m) 
Inlet mass 
flow 
(kg/s) 
Inlet 
Temp. 
(K) 
3.09.101  650  2.22  2.62  1.34  0.36  0  473.025 
3.09.IOJ  610  1.07  2.47  1.62  0.27  0.0799  480.033 
3.09.IOK  580  0.32  2.13  1.62  0.28  0.0137  466.468 
3.09.IOL  1090  2.17  2.75  1.76  0.69  0  461.324 
3.09.IOM  1010  1.02  2.62  1.89  0.55  0.0826  474.433 
Table 5.4 ORNL THTF steady state data 46 
The  fact  that the THTF has  a  linear core power distribution makes the  calculation for 
void fraction much easier.  To benchmark the APEX methodology, the same equations 
were used. 
The vapor volumetric flux will again be found first.  This becomes 
(5.24) 
where  q'  is the power per unit of heated length in the THTF, and the lower limit is the 
non-boiling height.  As already noted,  the  THTF total  heated length is  3.66 m (12  ft). 
The THTF vapor volumetric flux is therefore 
(5.25) 
Substituting this into the Drift-flux equation yields 
(5.26) 
qcore 
This dimensionless term turns out to be the inverse of  the Zuber Number.  The THTF 
local void fraction as a function of  heated length is the following: 
Z  -I 
-1 
a(z) =  Co  +  u  (5.27)
[  ) (Z-ZNH) 
The same method for finding the APEX volume-averaged void fraction numerically can 
be  applied  here  for  the  THTF.  Luckily,  the  analytical  solution  is  of a  simpler form 
compared to the APEX, and can be found.  From Eq. (5.22), the integral to solve for is 47 
-l 1  z.,  Zu-1 
< a >v=  f Co  +  dz  (5.28) 
(zm  -ZNfl) Z'B ( 
(Z-ZNfl) J 
Zu-1  
Let  u=Co+--- 
(z - Z Nfl)  
du  Zu-1 
----= = 
dz  (Z-ZNfl)2 
Zu-1 
dz = - 2 du. 
(u - Co) 
Making the substitutions, Eq. (5.28) becomes 
(5.29)  
To find a solution, the following Identity was used. 
rr ~)  1  dx =  1  __ 1 
2  Ln(a + bX)  (5.30)
J~x  (bx+a)2  a(a+bx)  a  x· 
From the Identity,  a =Co, b =1, and  x = u.  This changes Eq. (5.29) to 
(5.31) 
Zu-1  1 
<a> =---- (5.32) 
v  (zm  - ZNfl)  C  (  Zu-
1  J+ cg  Ln 
o 
Z-ZNfl 
2.\11 
(5.33) 
Let  Lm  = mixture height =  Zm- Z Nfl 48 
(5 .34) 
(5.35) 
Eq.  (5.35)  is  the  final  fonn  of  the  volume-averaged  void  fraction  for  the  THTF. 
Calculations can  now be made and  compared to the existing published data.  Results for 
the local void fraction  in each lest in Table 5.4 are given in Figures 5.6 - 5. 10.  Computed 
volume-averaged void frac tions arc given in Table 5.5. 
Test  <w" Experimental  <a>" Kataoka &  Ishii  <a>" Chexal &  Lellouche 
3.09. 10[  0.567385445  0.590301822  0.580376144 
3.09. 103  0.386962552  0.472480811  0.455952116 
3.09. 10K  0.275577558  0.232019649  0.237362685 
3.09.IOL  0.480769231  0.517678331  0.537550473 
J.09.IOM  0.352941176  0.3942471 35  0.409202254 
Table 5.5 ORNL Volume-averaged void fractions •• 
•  • 
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ORNL Test 3.09.10K 
1  r-------------~-~.----
0.8 
0  • "  . .."  .  ORNL Test Data  "  0.6 
~ 
~ 
•  Ishii Correlation U.  r
"C  0.4  •  •  Chexat & Letlouche 0  •  • >  •  : 0.2 
f 0 
0  1  2  3  4 
Elevation (m) 
Figure 5.8 Test 3.09.1 0K 
ORNL Test 3.09.10L 
1  I---------------- .~--
0.8 
0  "  ." 
•  ORNL Test Data  '"  0.6  ~  "  ~ 
•  Ishii Correlation u. 
0.4 :!1  •  •  Chexal & Lellouche 0 
>  0.2 
0 
0  1  2  3  4 
Elevation (m) 
Figure5.9 TeSl3 .09.IOL 51 
ORNL Test 3.09.10M 
1  r-----------------,...-".­
c 
0 
:;: 
u .. 
~ 
u.. 
-c 
0 
> 
0.8 
0.6 
0.4 
0.2  "  .-
" 
• 
" • • •  - • 
• 
• 
.. 
ORNL Test Data 
Ishii Correlation 
Chexal & Lellouche 
0 
0  1  2 
Elevation (m) 
3  4 
figure 5.10 Test 3.09. 1OM 
As seen in  the  figures,  the results are very promising.  II  should  be  noted that at 
elevations  above  the  given  mixture  level  for  a  test  void  fractions  were  automatically 
given  the  value  of  1.0  for both  predicted  methods.  Results  from  the  Kataoka  &  Ishii 
correlation  were  expected  to  predict  somewhat  poorly_  This  is  because  the  test's 
operating  pressure  exceeded  the  range  of applicability_ as outlined  in  Table  2.1.  The 
reference also plots the same Chexal ef al correlated void  fraction as the one used here. 
As expected.  both  arc  nearly  identical to each other.  This provides solid  proof that  the 
methodology  used  is  in  good  agreement  wi th  the data  produced  rrom  another author ­
thererore the benchmarking process is successful. 52 
6. SUMMARY AND CONCLUSIONS 
The following tasks were successfully performed as part ofthis research: 
• 	 An air/water test section was designed, constructed, instrumented and operated to 
obtain level swell and void fraction data to evaluate the DrexelbrooFM 408-8200 
series level probe. 
• 	 A literature review was performed to gather applicable level swell correlations. 
• 	 The NRC APEX Database was screened and the NRC-25 test series was selected 
for assessment. 
• 	 An Excel Spreadsheet was developed to calculate volume-averaged void fractions 
for NRC6025 and NRC6325 using the Drexelbrook level probe.  The spreadsheet 
was also used to calculate local void fractions and volume-averaged void fractions 
using the Chexal et al and the Kataoka et al correlations. 
• 	 The  Chexal  et al and the  Kataoka et al correlations and the  Excel  spreadsheet 
were assessed using ORNL THTF test data 3.09.101 through 3.09.10M. 
• 	 The NRC6025 and NRC6325 data was used to obtain a more accurate distribution 
parameter,  Co, for the Kataoka et at correlation. 

The following conclusions were drawn from this research: 

• 	 The  DrexelbrooFM  408-8200  series  level  probe  measurements  compared  well 
with the  visual  readings and  the  Kataoka et al correlation within the  air/water 
bench test facility at atmospheric pressure for air flow rates from 1.57 m
3/s to 5.11 
m
3/s. 53 
• 	 The DrexelbrookTM  408-8200 series level probe in combination with a differential 
pressure cell  provided volume-averaged void  fractions  which were bounded by 
the Chexal et al and the Kataoka et al correlations for NRC6025 and NRC6325. 
• 	 The Kataoka et al correlation over-predicted the APEX NRC6025 and NRC6325 
volume-averaged void fractions by 10.1 %. 
• 	 The Chexal et al correlation under-predicted the APEX NRC6025 and NRC6325 
by no more than 5%. 
• 	 The Kataoka et al correlation compared well with ORNL THTF test data 3.09.101 
through 3.09.10M. 
• 	 The Chexal et al correlation compared well with ORNL THTF test data 3.09.101 
through 3.09.10M. 
• 	 It was  determined  that  usmg  a  distribution  parameter  value  of 3.124  in  the 
Kataoka et al void fraction correlation resulted in a best-fit of the NRC6025 and 
NRC6325 volume-averaged void fractions. 54 
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